There are two energy-linked reactions that have been widely studied in animal mitochondria (4-7, 11, 12) The study of these two reactions in animal mitochondria and in submitochondrial particles derived from these mitochondria has helped in the elucidation of energy transport pathways; unfortunately, these reactions have not been studied in plant mitochondrial systems.
There are two energy-linked reactions that have been widely studied in animal mitochondria (4-7, 11, 12) and in microorganisms (1) . These reactions are the transhydrogenase and the reduction of NAD+ by reversed electron transport. The following sequence has been postulated for the energy-linked transhydrogenase reaction (11, 12) :
NADH + NADP+ + I X -* NAD+ + NADPH + I + X where I--X is a high energy intermediate of the phosphorylation system and can be derived either from respiratory chain oxidations or from ATP. This reaction has also been observed in a non-energy-linked form in which I --X is not involved, and both reactions are apparently catalyzed by the same enzyme. Similarly, the reversed electron transport reduction of NAD+ requires high energy intermediates to overcome the energy gradient of the process.
The study of these two reactions in animal mitochondria and in submitochondrial particles derived from these mitochondria has helped in the elucidation of energy transport pathways; unfortunately, these reactions have not been studied in plant mitochondrial systems.
In an earlier paper of this series (13) it was shown (a) that succinate oxidation by submitochondrial particles prepared from mung bean mitochondria was stimulated by ATP and (b) that I This work was supported by a grant from the National Science Foundation.
both succinate and NADH oxidation could be inhibited by octylguanidine. These observations suggest that the particles have retained some of the energy-linked functions of the intact mitochondria and are suitable for a study of some of the energy transfer mechanisms. In this paper the energy-linked transhydrogenase and energy-driven reversed electron transport are demonstrated in submitochondrial particles prepared from mung bean hypocotyl (Phaseolus aureus var. jumbo) mitochondria, and the effects of inhibitors of energy transfer and electron transport on these reactions are detailed.
METHODS
Submitochondrial particles were prepared from tightly coupled mung bean mitochondria, as described earlier (13) , and were stored at -15 C until required. Particles stored in this way retained some of their energy-linked functions up to 2 weeks after preparation. The particles were resuspended with a Teflon homogenizer in a medium containing 0.3 M mannitol and 0.1% BSA (pH 7.2 with KOH) to give a SMP2 protein content of 5 to 20 mg/ml and used at once.
The energy-linked transhydrogenase was studied (11) by measuring the rate of oxidation of NADH in a double beam spectrophotometer at 340 to 374 nm (3); the extinction coefficients at these wave lengths were assumed to be 6 cm-' mm-' (3). The reaction mixture, final volume 1.5 ml, consisted of 0.3 M mannitol, 10 mm KC1, 5 mM MgCl2 adjusted to pH 7.2 with KOH (in some cases 0.05 M TES tris(hydroxymethyl) methylaminoethyl sulfonic acid buffer, pH 7.2, was included), 0.13 mm NADH, 0.13 mM NADP, 1.3 mm oxidized glutathione, 0.07 mm KCN, 5 ,g of yeast glutathione reductase (30 units/mg), and submitochondrial particles equivalent to about 1 mg of protein. MgCl2 was omitted when the non-energy-linked transhydrogenase was studied. The reaction was started by the addition of 0.6 mm ATP. If the reaction was to be supported by high energy intermediates, KCN was replaced by 1.7 ,g of freshly prepared amytal or 5 ,g of antimycin A and 17 mm succinate, or a freshly prepared mixture of 10 mM ascorbate and 1 mm TMPD was added to initiate the reaction.
Reagents were dissolved in double distilled water or in a small volume of alcohol and stored at -15 C prior to use unless otherwise stated.
The ATP-supported reversed electron transport reaction was studied by measuring the formation of NADH in a double beam spectrophotometer. The basic reaction mixture contained 0. Figure 3 which also indicate the lack of response of the aerobically driven reaction to oligomycin inhibition, the half-maximal inhibition occurring at 2.8 ,ug/mg protein and maximal stimulation being shown at 0.82 jug/mg protein. The non-energy-linked transhydrogenase reaction initiated by DNP or 1799 was not affected by oligomycin at any level. Figure 4 illustrates the effects on the transhydrogenase of high energy intermediates generated either by the oxidation of succinate in the presence of amytal (Fig. 4A) , or the ascorbate-TMPD mixture in the presence of antimycin A (Fig. 4B) . KCN inhibits Figure 1A shows the effect of ATP in supporting the transhydrogenase reaction. In contrast, the energy-linked transhydrogenation which is observed in the same particles in the absence of magnesium is not influenced by ATP and is inhibited by magnesium ions (Fig. 1B) . The action of an uncoupler, DNP, in releasing the non-energy-linked transhydrogenase in the presence of Mg'+ is shown in Figure 1C , which also illustrates the partial inhibition of the non-energylinked reaction by ADP. Table I shows that the omission of any of the components of the reaction mixture inhibits the rate of the reaction of the ATPsupported transhydrogenase. Both Pi and uncouplers of energy transfer inhibit the ATP-supported reaction (Fig. 2) . Oligomycin the latter reaction by inhibiting the oxidation of ascorbate-TMPD (Fig. 4B) , while the malonate inhibits the reaction supported by succinate (Fig. 4A) . The reaction is not a result of the nonenzymic oxidation of NADH by TMPD but requires the presence of submitochondrial particles (Fig. 4C) . Unlike the ATP-supported transhydrogenase, oligomycin did not affect the transhydrogenase driven by high energy intermediates generated by ascorbate-TMPD (Figs. 3A and 4D ). Inorganic phosphate, however, inhibited both ATP and high energy intermediate-supported transhydrogenase (Figs. 2B and 4C ). Both transhydrogenases were also inhibited by octylguanidine, an inhibitor of energy transfer (Fig.  3B) . The non-energy-linked transhydrogenase was not inhibited by either oligomycin or octylguanidine. (Fig.  SA) . The reaction is dependent on the presence of both ATP and succinate (Fig. 5, B , C, and D) and induces transfer of electrons through an amytal-sensitive site (Fig. 5E) .
The ATP-supported succinate reduction of NAD+ is inhibited by an uncoupler, 1799 (Fig. 6A) , Pi (Fig. 6B) , and oligomycin or octylguanidine (Fig. 7, A and B) .
Similarly, ascorbate-TMPD can serve as electron donor for NAD+ reduction in a manner akin to the succinate reduction of NAD+ (Fig. 8) . Antimycin A inhibits the ascorbate-TMPD reduction of NAD+. 1799, Pi, and ADP all inhibit the ascorbate-TMPD reduction of NAD+ (Fig. 9) . The reduction is inhibited by oligomycin and octylguanidine (Fig. 7, A and B) . Figure 1OA shows that high energy intermediates generated by the oxidation of ascorbate-TMPD in the presence of antimycin A can be utilized to support the reduction of NAD+ by succinate. KCN, amytal, and malonate all inhibit this reaction by inhibition of ascorbate-TMPD oxidation, electron transport from succinate to NAD+, and succinic dehydrogenase, respectively.
The reduction of NAD+ supported by aerobically generated high energy intermediates differs from the ATP-supported reaction by being only slightly or not inhibited by 1799 and oligomycin (Figs. 7 and 10 ). Octylguanidine could, however, inhibit this reaction. trations of octylguanidine for the reduction of NAD+ in various systems described above.
DISCUSSION
The data presented in this paper clearly show that mung bean submitochondrial particles are able to perform transhydrogenase reactions and catalyze the reduction of NAD+ by reversed electron transport in a manner similar to that shown for mammalian mitochondria (cf. 4-7, 11, and 12) . The properties of the mung bean transhydrogenase are likewise similar to those of the beef heart particles and Micrococcus denitrificans membrane fragments (1) .
Both the transhydrogenase and reversed electron transport reactions were inhibited by oligomycin, octylguanidine, and uncouplers, showing the dependence of these reactions on ATP as an energy source and indicating a pathway of energy transfer similar to that postulated (12) for forward phosphorylation reactions in mammalian mitochondria.
The ATP-supported transhydrogenase is stimulated by low levels of oligomycin in a manner analogous to that observed for beef heart particles, inhibition only occuring at a high oligomycin concentration. Both stimulating and inhibiting oligomycin concentrations are in excess of those required to inhibit either the forward (9) or the reversed phosphorylation. Similarly, the halfmaximal inhibition concentration of octylguanidine required for the ATP-supported transhydrogenase differs from that required by any of the forward or reverse phosphorylations. Since it has been-shown that octylguanidine inhibition of the various coupling sites occurs at concentration levels which are characteristic of the coupling sites, it must be concluded that the energy-linked transhydrogenase utilizes a quantitatively different pathway of energy transduction from ATP when compared with phosphorylation linked to the respiratory chain.
Lee and Emster (12) reported that several energy-linked functions of nonphosphorylating beef heart particles could be stimulated by low levels of oligomycin and attributed their results to the inhibition of energy loss by ATPase activity. Such an explanation seems likely for the oligomycin-stimulated transhydrogenase reported in this paper. Lack of stimulation when high energy intermediates are utilized reflects an apparent greater phosphorylating efficiency of the mung bean particles which thus resemble the phosphorylating beef heart particles rather than the nonphosphorylating EDTA particles.
Consideration of the level of energy carrier connecting the transhydrogenase energy transduction pathway to the electron transfer pathway and enabling high energy intermediates to be utilized indicates that transfer occurs at a level close to but not on Phosphorylation has not previously been demonstrated in submitochondrial particles prepared from mung bean mitochondria, but the reactions described in this paper suggest that they are capable of energy conservation to ATP. The arguments outlined above and the observation that both Pi and ADP inhibit the high energy intermediate-driven reactions strongly imply that the particles from mung bean mitochondria are phosphorylating particles. Subsequent experiments with mitochondria have confirmed that ATP can be produced by SMP prepared as described in this paper.
The above considerations are summarized in schematic form in Figure 11 , which shows, by analogy with the hypothetical schemes for phosphorylation in beef heart, a postulated mechanism for energy transfer in mung bean mitochondria. The scheme differs from that described for beef heart mitochondria in the site of action of uncouplers. In the mung bean particles the results presented here show that this occurs closer to the formation of ATP than the site of interaction for high energy intermediate transfer.
Octylguanidine appears to inhibit transfer of energy in the region of the exchangeable energy carriers. Inhibition by octylguanidine at a site between E -I and X --I or between E -I and the electron transfer chain would not result in the sensitivities of the energy-linked functions observed in these experiments.
Oligomycin inhibits forward transfer from malate or succinate at the same half-maximal inhibitory concentration (9) , an observation confirmed by the inhibition of ATP-driven reversed electron transport from succinate or ascorbate-TMPD. Thus, the energy transduction pathways from the coupling sites coincide at this point. Separate energy pathways, however, occur at the level of octylguanidine inhibition which occurs at different concentrations for each site and at the uncoupling site where carbonyl cyanide m-chlorophenylhydrazone and dinitrophenol have differential effects on malate and succinate oxidation (9) .
Mitochondria from plants differ from those produced from mammalian tissues by the presence of an alternate cyanide-insensitive oxidase system. Inhibition of this pathway by octylguanidine (14) , the reversal of electron transport in the presence of cyanide (2) , and the generation of ATP in the presence of cyanide (8) suggest that the alternate oxidase pathway is capable of energy conservation, probably by a similar pathway to that presented in Figure 11 for the cyanide-sensitive respiratory chain.
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